c → Σ + K − , but they are subject to a large cancellation; this renders present theoretical predictions on these two channels unreliable. *
that the s-wave amplitudes are dominated by the low-lying 1 2 − resonances, while pwave ones governed by the ground-state 1 2 + poles. The MIT bag model is employed to calculate the coupling constants, form factors and baryon matrix elements. Our conclusions are: (i) s waves are no longer dominated by commutator terms; the current-algebra method is certainly not applicable to parity-violating amplitudes,
(ii) nonfactorizable W -exchange effects are generally important; they can be comparable to and somtimes even dominate over factorizable contributions, depending on the decay modes under consideration, (iii) large-N c approximation for factorizable amplitudes also works in the heavy baryon sector and it accounts for the color nonsuppression of Λ + c → pK 0 relative to Λ + c → Λπ + , (iv) a measurement of the decay rate and the sign of the α asymmetry parameter of certain proposed decay modes will help discern various models; especially the sign of α in Λ + c → Σπ
Introduction
With more and more data of charmed baryon decays becoming available at ARGUS, CLEO, CERN and Fermilab, it reaches the point that a systematical and serious theoretical study of the underlying mechanism for nonleptonic decays of charmed baryons is called for [1] . The experimental progress in this area is best summarized in the recent concluding remark by Butler [2] that "Our knowledge of the charmed baryons has taken another leap forward. This is a field whose time has finally arrived." Indeed, in the past few years, new and high-statistics measurements of the nonleptonic Λ + ground-state baryon poles, respectively. Evidently, the estimate of the s-wave terms is a difficult and nontrivial task since it involves weak baryon matrix elements and strong coupling constants of 1 2 − baryon states, which we know very little. Nevertheless, there is one exceptional case: For hyperon nonleptonic decays, the evalution of s waves is no more difficult than the p-wave amplitudes. This comes from the fact that the emitted pion in this case is soft. As a result, the parity-violating pole amplitude of the hyperon decay is reduced, in the soft pion limit, to the familiar equal-time commutator terms. The magic feature with this current algebra approach is that the s-wave amplitude can now be manipulated without appealing to any information of the cumbersome Traditionally, the two-body nonleptonic weak decays of charmed baryons is studied by utilizing the same technique of current algebra as in the case of hyperon decays [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, the use of the soft-meson theorem makes sense only if the emitted meson is of the pseudoscalar type and its momentum is soft enough.
Obviously, the pseudoscalar-meson final state in charmed bayon decay is far from being "soft". Therefore, it is not appropriate to make the soft meson limit. Moreover, since the charmed bayon is much heavier than the hyperon, it will have decay modes involving a vector meson; this is certainly beyond the realm of current algebra. Because of these two reasons, it is no longer justified to apply current algebra to heavy-baryon weak decays, especially for s-wave amplitudes. Thus one has to go back to the original pole model, ‡ which is nevertheless reduced to current algebra in the soft pseudoscalar-meson limit, to deal with nonfactorizable contributions. The merit of the pole model is obvious: Its use is very general and is not limited to the ‡ It is a "model" because of the assumption of pole approximation: The nonfactorizable contribution is approximately saturated by one-particle intermediate states.
soft meson limit and to the pseudoscalar-meson final state. Of course, the price we have to pay is that it requires the knowledge of the negative-parity baryon poles for the parity-violating transition. This also explains why the theoretical study of nonleptonic decays of heavy baryons is much more difficult than the hyperon and heavy meson decays.
Recently, a calculation of the nonfactorizable s-and p-wave amplitudes of charmed baryon decays through the pole contributions from the low-lying + baryons has been presented by us [14] and by Xu and Kamal [15] . We use the MIT bag model to tackle both poles. By comparing the pole-model and current-algebra results for the s waves of B c → B + P , we reach an important conclusion: the parity-violating amplitude of charmed baryon decays is no longer dominated by the commutator terms. That is to say, away from the soft meson limit the correction to the commutator terms is very important. This correction will affect the magnitude and sometimes even the sign of the asymmetry parameter α. Needless to say, the pole model also allows us to treat the weak decays B c → B + V (1 − ) on the same footing as B c → B + P (0 − ) decays.
In the previous publication [14] we have applied the pole model to some selected decay modes, namely Λ
. The main purpose of the present paper is to complete the pole-model analysis for all two-body Cabibbo-allowed weak decays of the antitriplet charmed baryons
c and the sextet charmed baryon Ω 0 c . Owing to large theoretical uncertainties associated with the vector-meson case, as elaborated on in detail in Ref. [14] , we will confine ourselves to the decay modes B c → B + P .
The present paper is organized as follows. The general framework of the pole model is recapitulated in Section 2. Numerical results of the decay rate and the asymmetry parameter α for Cabibbo allowed two-body nonleptonic decays of charmed baryons are presented in Section 3 with some model details given in Appendixes A-D. In Section 4 we then compare our results with current algebra as well as recent theoretical calculation [15, 16] and then draw conclusions.
General Considerations
Since the general framework for treating the nonleptonic weak decays of charmed baryons is already discussed in Ref. [14] , here we will emphasize some main points which are not thoroughly discussed in the previous publication.
The QCD-corrected effective weak Hamiltonian responsible for the Cabibboallowed charmed-baryon decays has the form Ref. [17] ) Schemetically,
where the superscript n.f. stands for nonfactorization. It is clear from the expression of O ± that factorization occurs if the final-state meson is the π + orK 0 .
Explicitly, 3) where N c is the number of quark color degrees of freedom, and
In the quark-diagram language, the c 1 (c 2 ) term of the factorizable
The W -exchange diagram is of course nonfactorizable.
In the content of meson nonleptonic decay, it is customary to make a further assumption, namely the factorization (or vacuum-saturation) approximation, in which one only keeps the factorizable contributions and drops the nonfactorizable ones. This approximation can be justified in the large N c limit [18] Nowadays we have learned from the nonleptonic decays of charmed and bottom mesons that the naive factorization method fails to account for the bulk of data, especially for those decay modes which are naively expected to be color suppressed.
The discrepancy between theory and experiment gets much improved in the 1/N c expansion method. Does this scenario also work for the baryon sector? This issue is settled down by the experimental measurement of the Cabibbo-suppressed mode Λ + c → pφ, which receives contributions only from the factorizable diagrams. We have shown in Ref. [14] that the large-N c predicted rate is in good agreement with the measured value. By contrast, its decay rate prdicted by the naive factorization approximation is too small by a factor of 15. Therefore, we should take the 1/N c approach for the factorizable amplitude of
where f P is the decay constant of the meson P , k = 1 for π + emission and k = 2 for K 0 emission, f 1 and g 1 are vector and axial-vector form factors defined in Eq.(D1), and A as well B are s-and p-wave amplitudes, respectively
We next turn to the nonfactorizable contribution. It is here we see a significant disparity between meson and baryon decays. Contrary to the meson case, the nonfactorizable amplitudes of baryon nonleptonic decays are not necessarily color suppressed in the N c → ∞ limit [16] . Although the W -exchange diagram, for example, is down by a factor of 1/N c relative to the external W -emission diagram, this seeming suppression is compensated by the fact that the baryon contains N c quarks in the limit of large N c , thus allowing N c different possibilities for Wexchange between heavy and light quarks. This leads to the known statement that W -exchange in baryon decay is subject to neither color nor helicity suppression.
Using the reduction formula, the nonfactorizable amplitude can be recast to
where φ a is the interpolating field for the P a . Conventionally one considers pole approximation so that only one-baryon intermediate states are kept. Under the pole approximation, the nonfactorizable amplitude is nothing but the contribution arising from two distinct pole diagrams. This can be seen from the identity
Hence, for example, the first term on the r.h.s. of (2.8) represents the pole diagram in which a weak transition B i − B n is followed by a strong emission of the P a .
Note that since the baryon-color wave function is totally antisymmetric, only the operator O − contributes to the baryon-baryon transition matrix element as it is antisymmetric in color indices. As shown in Ref. [14] , at least for hyperon and charmed-baryon decays, the s-wave amplitude is dominated by the low-lying 10) where ellipses denote other pole contributions which are negligible for our purposes, and a ij as well as b i * j are the baryon-baryon matrix elements defined by
with b ji * = −b i * j . It should be stressed that Eq.(2.10) is derived only under the assumption of pole approximation, and it is valid also for vector meson emission.
Evidently, the calculation of s-wave amplitudes is generally more difficult than the p-wave owing to the troublesome negative-parity baryon resonances. Nevertheless, a simplification happens for hyperon nonleptonic decays where the final-state pion is approximately soft. Using the Goldberger-Treiman (GT) relation (C2)
for the coupling constants g BBP and the generalized GT relation (C8) for g B * BP
couplings (both relations being valid in the soft pion limit), Eq.(2.8) leads to [14] 
and
Traditionally, the current-algebra results (2.12) and (2.13) ⋆ are derived from Eq. (2.8) together with the PCAC relation
and the Ward identity
Note that B CA can actually be read off directly from Eq.(2.10) by substituting the GT relation for strong coupling constants. Therefore, the parity-violating ⋆ Eq.(2.7) together with (2.14) and (2.15) leads to
f. and q µ T µ , the latter being the pole amplitude for B i → B f + A a µ , are not well defined in the limit q µ → 0 but their difference does [19] , the current algebra expression for the parity-conserving wave should read
which can be shown to be equivalent to Eq.(2.13).
amplitude is reduced in the soft pion limit to a simple commutator relation and is related to parity-conserving baryon-baryon matrix elements. In other words, no information of
− poles is required for evaluating the s-wave amplitudes. However, as explained in Introduction, such simplicification is no longer applicable to heavybaryon weak decays for the meson there is far from being soft; for example, the pion's momentum in the decay Λ + c → Λπ is 863 MeV, which is much larger than its mass. Writing
it has been demonstrated in Refs. [14, 15] that the on-shell correction (A − A CA )
is very important for charmed-baryon decays, and this clearly indicates that the s-wave amplitude is not dominated by the commutator term.
To summarize, the dynamics of heavy-baryon decays is more complicated than the meson decay because of the importance of nonfactorizable contributions, and is more diffcult to treat than the hyperon decay owing to the presence of 
Numerical Results
We employ the MIT bag model [20] to evaluate the form factors appearing in factorizable amplitudes and the strong coupling constants and baryon transition matrix elements relevant to nonfactorizable contributions. Some model details are given in Appendixes A-D. In this section we will first discuss the evaluation of the aforementioned ingredients and then present the results of decay rates and the α asymmetry parameter for Cabibbo-allowed nonleptonic weak decays of charmed baryons.
Baryon-baryon transition matrix elements
Among the two four-quark operators O ± given in Eq.(2.1), O + is symmetric in color indices whereas O − is symmetric. Therefore, the operator O + does not contribute to baryon transition matrix elements since the baryon-color wave function is totally antisymmetric. The parity-conserving (pc) matrix elements a ij and the parity-violating (pv) ones b i * j have the expression
With the bag integrals X 1 = −3.58 × 10 −6 GeV 3 and X 2 = 1.74 × 10 −4 GeV 3 [14] , the pc transitions are (in units of
where the superscripts A and S denote antitriplet and sextet charmed baryons, respectively.
In the bag model the low-lying negative-parity baryon states are made of two quarks in the ground 1S 1/2 eigenstate and one quark excited to 1P 1/2 or 1P 3/2 .
Consequently, the evaluation of the 
expressed in units of c − hGeV 3 .
Form factors and strong coupling constants
Using the bag parameters given in Ref. [14] , we obtain the following values for the overlap bag integrals appeared in Eq.(D4)
The form factors f 1 and g 1 [see Eqs.(2.5) and (D1)] at q 2 = q 2 max = (m i − m f ) 2 then can be determined directly from Eq.(D4) and extrapolated to the desired q 2 using Eq.(D3).
In current algebra, strong coupling constants are related to the axial vector form factors at q 2 = 0 via the Goldberger-Treiman (GT) relations given by (C2) and (C8). With the bag integrals 
The g B ′ BP couplings computed by the method of Ref. [21] are summarized in (C1).
The reader may check that the current-algebra's predictions for g B ′ BP are smaller than those in (C1) by roughly a factor of √ 2.
The coupling constants g B * BP are obtained from Eq. for low-lying 
with p being the momentum of the meson in the rest frame of B i , and
with κ = p/(E f + m f ). The calculated results are summarized in Table I . In order to have a feeling for the size of the branching ratio, we also calculate this quantity [23] .
† Experimental results for the decay rates of Λ Table III ) are from Refs. [22, 24] .
It is clear from Table III that 
Discussion and Conclusion
Before drawing conclusions and implications from our predictions for charmed baryon nonleptonic decays, it is pertinent to compare our results with the traditional approach (pre-1992), namely current algebra, and the most recent theoretical calculation (post-1992) presented in Refs. [15, 16] .
Comparsion with current algebra
Except for Refs. [5, 10] most previous studies on the dynamics of charmed baryon two-body weak decays are based on the current-algebra technique. The predictions are shown in Table II . The factorizable amplitudes are the same as Table I . As for nonfactorizable contributions, the s-wave amplitudes are calculated by using the commutator terms (E3-E4), while the p-wave ones by Eq.(2.13). † The average value of τ (Ξ Although the current algebra/PCAC methods were widely employed before for the study of B c → B + P , several important improvements are made in the present current-algebra calculation:
(1) As discussed in Sec.II, large-N c approximation rather than naive factorization approximation, the former being supported by the experimental mea- The decay rate of Λ + c → Λπ + , which was overestimated before by an order of magnitude or so (see Table III of Ref. [14] ), is now significantly reduced. Table II ) and has the p-wave amplitude given by we find a large cancellation between these two pole terms. By contrast, a large constructive interference was found in Ref. [6] owing to wrong relative signs.
(4) The pc amplitude derived from the pole contribution of i √ 2q µ T µ /f P has the familiar expression [19] 
As discussed in the footnote after Eq.(2.13), the contribution due to lim q→0 (B n.f. − i √ 2 f P q µ T µ ) should be taken into account and it leads to Eq.(2.13) when combined with (4.2). This correction is important for the decay modes Λ
Recall that the predicted ratio of Γ(Λπ + )/Γ(pK 0 ) in earlier attempts is considerably larger than unity, ranging from 2.3 to 13 (see Table III of Ref. [14] ), while experimentally it is only 0.36 ± 0.20 [21] . The improved current-algebra computation yields a value of 0.40 for this ratio and a smaller absolute decay rate for Λ + c → Λπ + , both being in the right ballpark.
We now compare our work with current algebra. To compute the pc amplitudes from Eq.(2.10) we actually apply the GT relation for the g B ′ The crucial difference between current algebra and the pole model lies in the pv sector. By comparing Table I with Table II , it is evident that (i) the s-wave amplitudes are no longer dominated by the commutator terms; that is, the on-shell correction (A − A CA ) is quite important and has a sign opposite to that of A CA [14, 15] ,
(ii) the sign of the nonfactorizable pv amplitudes is opposite to that predicted by current algebra for the decays Λ − resonances. However, we see that such a simplicification is certainly not applicable for describing the pv amplitudes of charmed baryon weak decays as the pseudoscalar meson is no more soft. We also see that the predicted signs of the total s-wave amplitudes of Λ
and Ω 0 c → Ξ 0K0 relative to the corresponding p waves are different in the pole model and current algebra. Hence, even a measurement of the sign of the α asymmetry parameter in above-mentioned decays would provide a very useful test on various models. Experimentalists are thus urged to perform such measurements.
Comparsion with most recent theoretical calculation
There are two recent works [15, 16] in which a complete analysis of B c → B + P is performed and factorizable amplitudes are evaluated under the large-N c approximation. Among these two works, the framework adopted by Xu and Kamal (XK) [15] is most close to ours, while Körner and Krämer (KK) [16] chose to use the covariant quark model to tackle the three-body transition amplitudes (instead of two-body transitions) directly. In this subsection, a comparsion of our work with Refs. [15, 16] will be made in order.
Though XK employ the current-algebra's expression Eq.(4.2) to evaluate the nonfactorizable p-wave amplitudes, they do consider the A comparsion of Table I with Tables I and II Table III ). Hence, a measurement of the sign of α(Λ + c → pK 0 ) will furnish a useful test on the importance of on-shell corrections to the s-wave amplitude. Finally, we note that in spite of the disparity on the α parameter, the predicted decay rates by XK are nevertheless in accordance with ours within a factor of 2. c → Ξ − π + is strongly suppressed in the scheme of KK. Therefore, a measurement of the ratios
which are predicted to be respectively 0.21, 0.22, 0.11 in the pole model, and 1.83, 0.03, 1.13 in the covariant quark model, will be quite helpful to test those two schemes.
⋆ A possibility is that the pv c → Σ + K − share some common features that they do not receive factorizable contributions and that their s-wave amplitudes are very small and p-wave ones are subject to a large cancellation. More explicitly, shows that our predictions for those two decays are unreliable. The situation becomes even worse in the framework of current algebra (see Table II ). anisms. This issue should be seriously concerned in the future study.
It is worth mentioning that the predicted Γ(Λ + c → Ξ 0 K + ) by KK is in agreement with experiment. In the scheme of KK, the decay modes Λ + c → Ξ 0 K + and Ξ 0A c → Σ + K − receive contributions only from the quark diagrams IIa and III (see ⋆ The discrepancy is improved in Ref. [15] , but the prediction there is still too small by a factor of 3 to 4 (see Table III ). As noted in passing, the p-wave formula used in Ref. [15] is that of Eq.(4.2).
Ref. [16] for notation). KK observed that the effect of diagram III is strongly suppressed relative to IIa. In other words, these two decay modes proceed essentially through diagram IIa; strong cancellation occurs only in diagram III.
In the pole model, diagram IIa corresponds to the pole diagram in which a weak transition is followed by a strong emission of a meson, while diagram III contributes to both different pole diagrams. Unfortunately, we do not know how to separate diagram IIa from diagram III in the pole language. At any rate, our goal is to understand the suppression of diagram III in the pole model in order to resolve the aforementioned problem.
Conclusion
We now draw some conclusions from our analysis of nonleptonic weak decays of charmed baryons into an octet baryon and a pseudoscalar meson. + poles. In the soft pseudoscalar-meson limit, the parity-violating amplitude is reduced to the current-algebra commutator term. We find that s waves in charmed baryon decays are no longer dominated by commutator terms; this is not surprising since the meson is far from being soft. The important on-shell correction (A−A CA ) will affect the α asymmetry parameter and changes its sign for the decays Λ
and Ω c → Ξ 0K0 . Hence, even a measurment of the sign of α in these decay modes will discern current algebra and other theoretical models. 
Appendix A: Baryon Wave Functions
To fix the relative sign of the coupling constants, form factors, parity-conserving and -violating matrix elements, it is very important to employ the baryon wave functions consistently. In the present paper, we use the isospin baryon-pseudoscalar coupling convention given in Ref. [25] (see Appendix C) to fix the sign of the groundstate 1 2 + octet baryon wave functions. In the following, we list those wave functions relevant to our purposes
where
and the superscripts A and S indicate antitriplet and sextet charmed baryons, respectively.
The low-lying negative-parity 1 2
− noncharmed baryons belong to the (70, L = 1) multiplet in the flavor-spin SU(6) basis, which can be decomposed into SU (3) mutliplets as
where the superscript and suberscript denote the quantum numbers 2S + 1 and J, respectively. In the MIT bag model these states are made of two quarks in the ground 1S 1/2 state and one quark excited to 1P 1/2 or 1P 3/2 . That is, the SU (6) (70, L = 1) states can be constructed from the 8, As for the charmed baryons, the charmed quark in the low-lying 
⋆ The SU(3) representation of charmed baryons given in Ref. [14] is erroneous.
paper. The pc matrix elements are found to be †
where X 1 and X 2 are the four-quark overlap bag integrals defined by Eq.(B3) of
Ref. [14] .
The evaluation of the parity-violating matrix elements for
− transitions is much more involved because the physical 1 2
− baryon states are linear combinations of (S 1/2 ) 2 P 1/2 and (S 1/2 ) 2 P 3/2 quark eigenstates. Consequently, the number of the related bag overlap integrals is largely increased. The relevant pv matrix elements for our purposes are
(B2) † Note that there is a sign misprint in Eq.(B4) of Ref. [14] which is corrected here in Eq.(B1).
for Σ 0 c (
for Ξ 0 c (
2
− ) − Ξ 0 transitions, where the bag integralsX 1 ,X 2 ,X 1s ,X 2s , X ∼ 1 , X ∼ 1s ,
are defined in Appendix B of Ref. [14] .
Appendix C: Strong Coupling Constants
The octet baryon-pseudoscalar meson BBP coupling constants can be reliably evaluated using the method of Ref. 
where the sign of the coupling constants is fixed by the isospin coupling convention given in Ref. [25] . As shown in Ref. [21] , the above g B ′ BP couplings are in good agreement with experiment. The quantity of interest in the approach of current algebra is g A B ′ B
, the axial-vector form factor at q 2 = 0, which is related to the BBP coupling constant via the Goldberger-Treiman (GT) relation
where f P a is the decay constant of the pseudoscalar meson P a ( a = 1, · · · 8) in the SU(3) representation. Note that the axial-vector current corresponding to, for example P 3 , is 1 2 (ūγ µ γ 5 u −dγ µ γ 5 d). In the bag model the axial form factor in static limit is given by
where u(r) and v(r) are respectively the large and small components of the wave function for the quark state 1P 1/2 . We find 
As for charmed baryon-pseudoscalar B c B c P coupling, we will rely on the GT relation (C2). The results are 
With the overlap bag integrals given by Eq.(3.4) it is straightforward to check that our numerical results for form factors extrapolated to q 2 = 0 are in agreement with c → Ξ − transitions. Form factors induced by the c → u current are not gievn in Ref. [28] . If (D2) and (C3) were interpretated as bag predictions at q 2 = 0, the calculated branching ratio of the exclusive Λ + c → Λ decay would have been enhanced by a factor of 3.5, which is in violent disagreement with experiment [14] . This is another indication that the static-bag calculation of form factors is indeed carried out at maximum q 2 rather than at q 2 = 0.
Appendix E: Current Algebra Commutator Terms
In current algbra the nonfactorizable s-wave amplitude of the decay B c → B + P a in the soft meson limit is governed by the commutator term
where f π = 132 MeV, and f K = 1.22f π . As an example, consider the decay
From Eq.(A1) we obtain Λ| Q K 0 = 3 2 Ξ 0 and hence
The remaining s-wave commutator terms are summarized below: Tab. 2. Same as Table I except that predictions are made by current algebra.
Tab. 3. The predicted decay rates (in units of 10 11 s −1 ) and the α asymmetry parameter (in parentheses) for B c → B + P decays in various models.
